Chamaescilla is an endemic Australian genus, currently placed in the Asparagaceae, alongside other Australian endemic taxa in the tribe Lomandroideae. A recent molecular phylogeny indicated a relationship with another partly Australian family, the Xanthorrhoeaceae, but was not commented on by the authors. Here we added DNA sequence data for a single Chamaescilla specimen to an alignment representing all families in the Asparagales and performed parsimony and Bayesian phylogenetic analyses. Chamaescilla was strongly resolved as belonging to Xanthorrhoeaceae, subfamily Hemerocallidoideae, alongside two non-Australian members, Simethis and Hemerocallis in the hemerocallid clade. This position is corroborated by morphological characters, including pollen grain shape. We also produced an age-calibrated phylogeny and infer that the geographic distribution of the clade is the result of long distance dispersal between the Eocene and Miocene.
Introduction
Chamaescilla Mueller ex Bentham (1878: 48 ; commonly known as blue squill, blue stars or mudrut, Fig. 1 ) is a genus including four species that are endemic to Australia, found in the southwest and southeast of the country (Keighery 2001) . All species are small, perennial tuberous herbs with annual leaves and flowers. Bisexual, typically blue flowers are borne on a scapose or corymbose inflorescence (Henderson 1987) . Chamaescilla corymbosa (Brown 1810: 277) Mueller ex Bentham in Mueller (1874: 90) subsp. corymbosa is widespread, occurring in both western and eastern parts of Australia, whereas the remaining taxa are restricted to the Western Australian biodiversity hotspot (Keighery 2001) . Like many of the petaloid monocots, Chamaescilla has been placed in several different plant orders and families as monocot taxonomy has fluctuated. It was placed by Cronquist (1981) in the oversimplified Liliaceae, and treated as such for the Flora of Australia series (Henderson 1987) , and then moved to Anthericaceae by Dahlgren (1989) . Based on rbcL DNA sequences Chase et al. (1995 Chase et al. ( , 1996 placed it sister to Cordyline Commerson ex Brown (1810: 280) in Lomandraceae (Asparagales), now subfamily Lomandroideae in Asparagaceae (Chase et al. 2009 ), along with several other former members of Australian Anthericaceae.
Asparagales is the largest monocot order, comprising approximately 50% of monocot species and 10-15% of all flowering plants (Chen et al. 2013) , including the extremely diverse Orchidaceae, important food species such as Asparagus Linnaeus (1753a: 313) and Allium Linnaeus (1753a: 294) , and garden plants like Hemerocallis Linnaeus (1753a: 324) , which is also a potential new model organism (Rodriguez-Enriquez & Grant-Downton 2013) . The order is united largely by molecular evidence and a black pigment in their seed coat, with few other morphological characters . Relationships between families in Asparagales are well understood with the sample-rich phylogeny of Chen et al. (2013) agreeing with the data-rich phylogeny of Steele et al. (2012) , although Chen et al. (2013) note some level of reticulation at the base of the phylogeny. Nested clade analysis infers Australia as the centre of origin of the order, with many families such as Asparagaceae, Xanthorrhoeaceae, Orchidaceae and several early diverging lineages, such as the endemic Boryaceae and Doryanthaceae, occurring on that continent (Bremer & Janssen 2006) . Chen et al. (2013) included a single sample of Chamaescilla, which their analysis placed in Hemerocallidoideae (Xanthorrhoeaceae) alongside two non-Australian members of the subfamily. This novel family placement was not commented on by Chen et al. (2013) . An unpublished analysis of the Lomandroideae (Sirisena 2010 ) also shows Chamaescilla sitting outside the rest of the subfamily, but that phylogenetic position might be an artefact of the enforced placement of Asparagus as an outgroup.
The family Xanthorrhoeaceae sensu lato includes three subfamilies: Xanthorrhoeoideae, Asphodeloideae, and Hemerocallidoideae. These subfamilies were formerly treated as families, but Chase et al. (2009) created a larger Xanthorrhoeaceae in an effort to reduce the number of poorly known "Dahlgrenian" families based on molecular evidence (Chase et al. , 2006 . Xanthorrhoeaceae was used as the new name for this group as it was the only one of the three family names listed as conserved in Appendix IIB of the code (e.g. Wiersema et al. 2015) , despite it being the smallest family and youngest name. This broader use of the name Xanthorrhoeaceae was not widely accepted after APG III (2009), leading Klopper et al. (2013) to suggest conservation of Asphodelaceae. This was approved by the Nomenclature Committee for Vascular Plants (Applequist 2014 ) and ratification of that decision at the next Nomenclature Section of the International Botanical Congress (to be held in Shenzhen, China, July 2017) will restore the priority of Asphodelaceae over Xanthorrhoeaceae (APG IV 2016) .
In order to test the phylogenetic position of Chamaescilla we added partial sequences of the four genes (atpB, matK, ndhF, rbcL) used by Chen et al. (2013) for a new collection of C. corymbosa, and an rbcL sequence for the unplaced genus Hodgsoniola Mueller (1861: 176) . Sequences retrieved from GenBank were used to add the remaining genera of Hemerocallidoideae and Lomandroideae to confirm the new familial position of Chamaescilla and determine relationships between genera in those subfamilies.
Materials and Methods
A total of 89 taxa was included in the dataset, including representatives of all genera from Hemerocallidoideae and Lomandroideae (Table 1) . The taxon set included in the Nexus file from Chen et al. (2013) was reduced to represent core families and subfamilies of Asparagales. Additional sequences for eighteen taxa of Hemerocallidoideae and Lomandroideae were downloaded from GenBank. In some cases, sequences from different studies were used to represent a species, or sequences from different species were used to represent a genus (i.e. as a chimeric sequence).
DNA was extracted from ~20 mg dry tissue of both Chamaescilla corymbosa (MELU M113170a) and Hodgsoniola junciformis (Mueller 1860 : 96) Mueller (1861 PERTH 7488793 ) using a modified CTAB protocol (Shepherd & McLay 2011) . The atpB, rbcL, ndhF, and matK regions were amplified using the primers of Chen et al. (2013;  Table  2 ). PCRs were performed in 25 uL reactions using 1× MyTaq Reaction Buffer, 0.4 mM of each primer, 1.5 mM MgCl 2 , 1× BSA and 1 unit of MyTaq DNA polymerase. PCR cycling conditions were 95°C for 1 min and 30 cycles of 95°C for 1 min, 50°C for 45 s, 65°C for 1 min and a final elongation at 65°C for 5 min. Various annealing temperatures and PCR additives were trialled, but generally produced poor amplification. This resulted in partial sequences of all four regions for C. corymbosa and only a partial rbcL sequence for H. junciformis. PCR products were purified, sent to the Australian Genome Research Facility (AGRF, Melbourne), and sequenced by capillary separation using an AB3730 (Applied Biosystems, Foster City, CA, USA). Sequences were edited in Geneious R7 (Kearse et al. 2012) . Sequences for each locus were aligned in Geneious R7 (Kearse et al. 2012) using the inbuilt aligner with default settings to determine locus boundaries. The alignments for each locus were then concatenated and the alignment was refined using MUSCLE (Edgar 2004 ) and by eye. The final alignment of the four regions was 6530 bp long and consisted of 89 terminal taxa.
A parsimony analysis was performed in PAUP* 4.0 b10 (Swofford 2002 ) using a heuristic search with stepwise addition closest, TBR, and MaxTrees set at 20,000. Bootstrap analysis was based on 1000 full heuristic replicates. Bayesian analysis was implemented in MrBayes on the CIPRES portal (Miller et al. 2010 ) using 15,000,000 generations, with 30% burn in and a sampling frequency of 1000. The data were partitioned into the four gene regions and these were unlinked to reduce the effect of different evolutionary histories of each gene conflating the results. The most appropriate model for each region was selected using MrModeltest v2 (Nylander 2004 ) using the Akaike Information Criterion. After burn-in, the remaining trees were used to produce a 50% majority-rule consensus tree showing the posterior probabilities of all branches. Both analyses used Phoenix dactylifera Linnaeus (1753b Linnaeus ( : 1188 as an outgroup.
Time calibrated phylogenies of Xanthorrhoeaceae were inferred using a reduced alignment of 33 taxa and BEAST v1.7 . As outlined below, the calibration points were within Xanthorrhoeaceae, therefore, in order to reduce the effect of different substitution rates throughout the rest of Asparagales on age estimates within Xanthorrhoeaceae, a representative sample of each genus (two samples for Hemerocallis) within the rest of the family was used and Xeronema callistemon Oliver (1926: 1) was used as an outgroup. An uncorrelated lognormal (UCLN) clock model was used, with a general time reversible substitution model (GTR+I+G) and a Yule speciation model of tree branching. Two calibration points were used as tree priors following Crisp et al. (2014) : 1) a Dianella-like fossil from the Eocene was placed at the crown of Phormium Forster & Forster (1776: 47, t. 24) and Dianella Lamark ex Jussieu (1789: 41), excluding Pasithea Don (1832: 236), which lacks isobifacial leaves, using a lognormal prior (offset = 45.0, SD = 1.0); 2) a normally distributed secondary calibration of the Xanthorrhoeaceae crown (71.2, SD = 1.0). The MCMC chain was run for 15 million generations to ensure convergence between four replicate runs. Trees from each run were combined using LogCombiner and annotated in TreeAnnotator ; Tracer v1.6 ) was used to check stationarity and establish that effective sample sizes were greater than 200 for the combined logs after 30% burn-in.
Scanning electron microscopy was used to determine the pollen type of Chamaescilla. Pollen was removed from the pressed sample of C. corymbosa onto a stub and coated with gold to a thickness of 10 nm. Pollen morphology was observed on a Philips XL30 Field Emission Scanning Microscope.
Results
Phylogenetic analyses:-Summary statistics from parsimony analyses and MrModelTest are shown in Table 3 . Parsimony and Bayesian analyses were very similar so posterior probability (PP) and parsimony bootstrap (BS) support were mapped onto a Bayesian 50% majority rule tree (Fig. 2) . Relationships between Asparagales families were identical to those resolved in previous analyses (Chen et al. 2013; Seberg & Petersen 2012; Steele et al. 2012) . The newly sequenced Chamaescilla corymbosa specimen was resolved as sister to the sample from Chen et al. (2013) , strongly within Hemerocallidoideae, sister to Simethis Kunth (1843: 618) and Hemerocallis within the hemerocallid clade. Hodgsoniola was placed in the johnsonioid clade, along with other genera with phylloclades rather than leaves .
Within the phormioid clade the South American genus Pasithea was placed sister to the rest of the tribe with strong support (PP = 1/BS = 82). The relationships of some phormioid genera are still unclear, with a polytomy between the sister pairs of Dianella-Eccremis Willdenow ex Baker (1876: 319) , Rhuacophila Blume (1827: 15)-Stypandra Brown (1810: 278) , and Thelionema Henderson (1985 : 109)-Herpolirion Hooker (1853 in the phylogeny based on Bayesian inference. The family Xanthorrhoeaceae was well supported (PP = 1.0/BS=95) and relationships between its subfamilies were well resolved, with Asphodeloideae strongly supported (1.0/100) as sister to Xanthorrhoeoideae (1.0/100) and Hemerocallidoideae (1.0/88). The Asphodeline Reichenbach (1830: 116) + Asphodelus Linnaeus (1753a: 309) clade was strongly supported as sister to a clade including the remaining Asphodeloideae (PP=1/BS=100). The monophyly of Lomandroideae is also strongly supported using Bayesian inference, and moderately supported by parsimony (PP = 1.0, BS = 76).
Divergence time estimates in the Hemerocallidoideae:-The maximum clade credibility tree produced by BEAST analysis of Xanthorrhoeaceae is shown in Fig. 3 , and ages of major clades are given in Table 4 . The median age of the divergence of the most recent common ancestor (MRCA) of the hemerocallid clade and the johnsonioid clade was 52.51 mya (million years ago) (95% Highest Posterior Density, HPD = 45.58-59.42). Estimated divergence between Chamaescilla and Hemerocallis-Simethis was 29.11 mya, though this date is associated with high uncertainty (95% HPD = 17.34-41.48).
Pollen type of Chamaescilla:-Chamaescilla pollen is ovoid, approximately 60 μm long and 20 μm wide (Fig.  4) . The aperture is monosulcate and the pollen surface is reticulate. 
Discussion
A new familial placement of Chamaescilla and resolution of relationships of the genera within Hemerocallidoideae and Lomandroideae:-As found by Chen et al. (2013) , Chamaescilla is placed with strong support in Hemerocallidoideae, sister to a group formed by the western European/northern African genus Simethis and the Asian genus Hemerocallis. The three genera share a similar cymose paniculate inflorescence structure. Chamaescilla and Simethis have very similar floral morphology (Fig. 1) , with undifferentiated, free tepals, characteristic of much of Asparagales. This differs to species in Lomandroideae, which tend to have more elaborate tepals that are basally united and show differentiation between whorls (Conran 1998) . Hemerocallis has slightly zygomorphic, larger flowers than Chamaescilla and Simethis. While the petals of Chamaescilla are predominantly blue, white petal morphs can occasionally be found (Henderson 1987 ; Fig. 1B ), matching the petal colour of Simethis . The rbcL sequence from Chase et al. (1995) is not available on GenBank, so it is unclear whether the position resolved for Chamaescilla in that study, in Lomandraceae sensu lato alongside Cordyline, was due to sample misidentification, phylogenetic inaccuracy, or contamination of DNA. Morphological studies conducted concurrently with that molecular work did not include Chamaescilla in comparative leaf analyses and Chase et al. (1996) concluded that Chamaescilla differed slightly to Cordyline in pollen microsporogenesis. The work on microsporogensis was based on microscope slides previously prepared by Prof. U. Hamann and his students (University of Bochum), i.e. it was likely not from the same source as the material used in the molecular study of Chase et al. (1995) .
To test the position of Chamaescilla, the 14 genera of Lomandroideae were included here and this is the first time that a phylogeny of the whole group is published. The relationships within Lomandroideae are similar to those shown in the thesis of Sirisena (2010) , but with the addition here of Dichopogon Kunth (1843: 622) as sister to Arthropodium Brown (1810: 276) . Relationships between several Lomandroideae genera were weakly supported in our study; Chamaexeros Bentham (1878: 110) , Romnalda Stevens (1978: 148) , Acanthocarpus Lehmann (1848: 274) , Lomandra Labillardiere (1805: 92) and Xerolirion George (1986: 98, 229 ) form a clade, but relationships among the genera are poorly resolved. Conran (1998) suggested these taxa represent a Lomandra complex and all taxa may form a broader Lomandra. Donnon (2009) also resolved this pattern using two markers, trnL-trnF plastid DNA and ITS2 nuclear ribosomal DNA, from 113 samples. This complex is morphologically diverse and contains rainforest, sclerophyll (heathland) and arid species widespread in Australia and Pacific Islands (Conran 1998 , Donnon 2009 ). Phylogenetic study of this subfamily, including the poorly resolved Lomandra complex, is warranted.
Pollen shape and pollination syndrome:-Chamaescilla pollen is similar to Hemerocallis pollen, but varies slightly in that the tectum lacks both a granulated muri and pollen kit globules (Furness et al. 2014) . Pollen within Hemerocallidoideae, including Simethis, is predominantly trichotomosulcate and triangular in shape in polar view, but both Hemerocallis and Chamaescilla (Figs. 4, 5 ) have monosulcate pollen that is oval in polar view. The monosulcate condition is widespread in Asparagales (Luo et al. 2015) and the trichotomosulcate condition is considered to be a synapomorphy of the Hemerocallidoideae (Furness et al. 2014) . The topology of the phylogeny suggests either two independent changes to monosulcate pollen in Hemerocallis and Chamaescilla, or a change to monosulcate pollen some time since the divergence of the hemerocallid clade from the johnsonioid clade, with a reversion to trichomosulcate pollen in Simethis, as illustrated in Fig. 5 . Buzz pollination is thought to be common in the Hemerocallidoideae and has been observed in several genera (Furness et al. 2014) . Typical flower characteristics for buzz pollination include a Solanum-like flower shape, densely hairy filaments to enhance vibration amplitude, and a small pollen size to aid pollen release through the anther pore (Buchmann 1983; De Luca & Vallejo-Marín 2013) . These features are found in most of the johnsonioid and phormioid genera, except for Phormium, which has large tubular flowers for bird pollination (Furness et al. 2014) . In the hemerocallid clade, Hemerocallis has large pollen and slightly zygomorphic flower symmetry for pollination by butterflies or hawkmoths (Hirota et al. 2012) , while Simethis retains the buzz pollination features found in the rest of the family. Chamaescilla lacks hairy filaments and has large pollen indicating that buzz pollination may have been lost, but blue flower colour is considered to be a feature of bee pollination (Kevan 1983) . A pollination study of the orchid Thelymitra epipactoides Mueller (1866: 174) found multiple Chamaescilla pollen grains on the orchid stigma, which was pollinated by several native bees (Cropper & Calder 1990) , indicating that bees serve as a vector for dispersal of Chamaescilla pollen. The loss of specific buzz pollination traits in Chamaescilla may indicate a change to a more general pollination syndrome.
Biogeography of hemerocallid clade:-The new phylogenetic position of Chamaescilla presents an interesting and disjunct distribution pattern. Simethis and Hemerocallis are the only two extant members of the Hemerocallidoideae that have a distribution outside former Gondwana. Simethis occurs in Western Europe and Northern Africa (Gianguzzi et al. 2012) and Hemerocallis is found from Central Europe to China and Japan . The estimated age for the hemerocallid clade (17.34-41.48 mya) suggests a dispersal rather than vicariance as a reason for this distribution. Dispersal out of Australia is one explanation for this pattern, given the nested placement of the hemerocallid clade within related lineages concentrated in Australia (i.e. the johnsonioid clade is nearly entirely Australian, and the phormioid clade occurs in Australia, New Zealand, the Pacific Islands and parts of South America). However, alternative explanations could include a European or Asian origin for the clade.
Disjunctions between extra-tropical Australia and mainland Asia or Europe are uncommon, but not unique, e.g. distribution patterns in Scleranthus Linnaeus (1753a: 406; also in New Zealand, Smissen et al. 2003) , Austrobryonia Schaefer in Schaefer et al. (2008: 126) , Bryonia Linnaeus (1753b Linnaeus ( : 1012 , Ecballium Richard in De Saint-Vincent (1824: 19) (Schaefer et al. 2008) , and Pleurosorus Fee (1852: 179, t. 16.C; also in New Zealand and South America, Ohlsen et al. 2015) . Australia-Asia floristic relationships tend to be between Southeast Asia and northern Australia in tropical groups. These dispersal events go in both directions and greatly increased in frequency when the Sunda and Sahul continental plates began to collide during the Miocene 25 mya (Crayn et al. 2015) . Anti-tropical relationships (where the same or sister taxa are absent from tropical regions, but are found to the north and south) are less common, but some examples occur between temperate Australia and mainland Asia-Japan. Among these taxa, older dispersal events are inferred in Sapindaceae (30-60 mya; Buerki et al. 2011) and Apiaceae (46-71 mya; Calviño et al. 2016) ; more recent dispersal events are inferred in Cucumis Linnaeus (1753b Linnaeus ( : 1011 in Cucurbitaceae (2-10 mya; Sebastian et al. 2010) , Solenogyne Cassini in Cuvier (1828: 174) in Asteraceae (0.9-4 mya; Nakamura et al. 2012 ) and within Australian Poa sect. Brizoides Pilger ex Potztal (1969: 472) (1.4-6 mya; Birch et al. 2014) . While the lower bounds of the 95% HPD estimates for the divergence age of Chamaescilla and Hemerocallis + Simethis overlap with the timing of the collision of the Sahul and Sunda plates, which could be associated with a recent anti-tropical dispersal, the majority of the confidence interval surrounding the divergence suggests an older dispersal event.
The lack of well-resolved phylogenies for Hemerocallis and Chamaescilla limits interpretation of their biogeographic histories. Kim et al. (2012) used five plastid DNA markers to resolve relationships between Korean Asparagales, including five Hemerocallis taxa, and identified Hemerocallis minor Miller (1768: 359) as the first diverging lineage. This species is widespread throughout Asia, from Siberia through China, Japan and Korea (eFloras 2008) and thus an ancestral area for the genus is hard to determine. A phylogeny of the four Chamaescilla species would not affect interpretation of the overall pattern of dispersal from Australia to Asia. However, understanding whether the earliest diverging species are from western or eastern Australia may help in identifying taxa with similar distributions and dispersal patterns.
Long distance dispersal is inferred in other Hemerocallidoideae, with Eccremis found in South America (as well as Pasithea, but this distribution could be the result of Gondwanan vicariance). Similarly Dianella, Rhuacophila and Geitonoplesium Cunningham ex Brown in Hooker (1832: t. 3131) are found throughout Australia and the South Pacific where the fleshy fruit associated with these genera could enable bird dispersal. Chamaescilla, Simethis and Hemerocallis have membranous capsular fruits and are less likely to be bird dispersed, making the mechanism of dispersal less obvious.
Conclusion
Our molecular analyses support the transfer of Chamaescilla from Asparagaceae to Xanthorrhoeaceae subfamily Hemerocallidoideae. The transfer is from one group of largely Australian taxa to another, but the position within the hemerocallid clade facilitates new interpretations of evolutionary patterns in floral morphology and pollination biology. Furthermore, it identifies a biogeographically interesting distribution pattern between temperate Australia and mainland Asia and Europe that is worthy of further investigation.
